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Abstract 
CPR (Cloud Profiling Radar) is expected to reveal the inside structure of clouds. Using vertical profiles of 
radar reflectivity factor, vertical profiles of cloud microphysical properties (e. g., cloud effective radius, liquid 
water content, cloud optical depth) can be retrieved with data of other instruments, which leads to better 
understanding of cloud radiative forcing and the earth's energy balance. Chiba University has developed the 
solid-state ground-based FMCW CPR FALCON-I to achieve higher range and time resolution with lower power. 
In this study, sensitivity and accuracy of FALCON-I are evaluated at the Hedo observation in 2008. 
Keywords : CPR (Cloud Profiling Radar), radar reflectivity factor, microphysical properties, FMCW, FALCON-I, 
radiative forcing 
 
1. Introduction 
It is clearly reported in IPCC AR4 that clouds and aerosols 
are one of the important components of radiative forcing of 
the earth for better understanding of global warming [1]. 
Although the contributions to radiative forcing from carbon 
dioxide and methane known as the greenhouse gas are 
estimated with small error bars from numerical simulation, it 
is very difficult to estimate the contributions from cloud and 
aerosols [2]. They are many types of aerosols, and the 
combined aerosols direct radiative forcing is estimated at 
-0.50 ± 0.40 Wm-2, and cloud albedo radiative forcing is -0.7 
Wm-2 as the median with a 5 to 95% range of -0.3 to 1.8 
Wm-2. There are still much to study to solve aerosol indirect 
effect. Making a progress of this estimation needs filling the 
gap between observation works and modeling in spatial and 
temporal distribution. Both of more frequent observation of 
aerosols and clouds in global and local scales are expected. 
CPR is the one of most effective remote sensing 
instrument to study cloud inside structure by observing 
cloud vertical profiles of radar reflectivity factor and doppler 
velocity, which supply important information for cloud 
distribution and cloud microphysical properties. Since the 
concept of CPR in millimeter-wavelength was proposed in 
1981 to detect nonprecipitating clouds [3], several CPRs at 
35 GHz, 78 GHz and 95 GHz have been developed in the 
U.S., the U.K., Germany and Japan. Observation from 
Spaceborne CPR called CloudSat has began in 2006 by 
NASA (National Aeronautics and Space Administration) 
and CSA (Canadian Space Agency) to map 3D distribution 
of cloud in global scale [4]. EarthCARE project, which is 
conducted by JAXA (Japan Aerospace Exploration Agency), 
NICT (National Institute of Information and 
Communications Technology) and ESA (European Space 
Agency), will be a next big step for aerosol and cloud 
observation. JAXA and NICT are developing 95 GHz CPR 
for EarthCARE project which is the first spaceborne doppler 
CPR at 95 GHz [5]. Chiba University in Japan has 
developed a solid-state ground-based FMCW 95 GHz CPR 
named as FALCON-I (FMCW Radar for Cloud 
Observations) since 1999, evaluated theoretically [6] and 
systematically [7]. FMCW system achieves high range 
resolution, and FALCON-I is expected to reveal more 
detailed cloud vertical structure than pulsed CPR. 
FALCON-I is also expected to calibrate the CPR of 
EarthCARE as one of the ground calibration system. 
FALCON-I is expected to contribute to cloud microphysics 
which reveals the physical process from formation, growth, 
precipitation and extinction of cloud. 
The primary aim of this study is to evaluate the sensitivity 
of FALCON-I, comparing cloud vertical profiles with 
CloudSat. The second aim of this study is to evaluate cloud 
microphysical properties retrieved from radar reflectivity 
factor to estimate FALCON-I's accuracy by comparing the 
estimated downward radiation flux from FALCON-I and 
the observed downward radiation flux by Pyranometer.  
In this paper, we evaluated correlation of the estimated cloud  
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TABLE I 
SPECIFICATIONS OF FALCON-I 
Range Resolution 15 m 
Temporal Resolution 1minute (at Z mode) 
Transmitting Power 27 dBm (0.5 W) 
Antenna System Bistatic Cassegrain 
Antenna Beamwidth 0.18 deg (Full Angle) 
Sensitivity -30 dBZe at 5 km 
 
NASA developed a spaceborne CPR at 94.05 GHz, 
loaded on CloudSat which launched in 2006. CloudSat is 
orbiting as a member of A-Train with Aura, Glory, 
PARASOL, CALIPSO, Aqua and OCO with approximate 
altitude of 700km [4]. The specifications of CloudSat are in 
Table 2. 
Microwave radiometer is used to measure emission at 
micrometer, millimeter and sub-millimeter wavelength. 
WVR-1100 manufactured by Radiometrics Corporation has 
two channels; the channel of 23.8 GHz to estimate 
column-integrated amounts of water vapour (g/cm2), the 
channel of 31.4 GHz to estimate the amounts of liquid water 
(g/cm2), and the specifications of MVR-1100 are shown in 
Table 3 [10]. In this study, the channel of 31.4 GHz is used 
to observe LWP (Liquid Water Path), and it is operated in 
Hedo Station by Chiba University CEReS. It is said that 
typical retrieval uncertainties of LWP is 25-30g/m2. 
TABLE II 
SPECIFICATIONS OF CLOUDSAT 
Range Resolution 485 m 
Temporal Resolution 0.16 s 
Transmitting Power (Peak, Mean) 1800 W, 25 W 
Antenna System Monostatic Offset 
Antenna Beamwidth 0.108 Deg 
Sensitivity -30 dBZe 
 
TABLE III 
SPECIFICATIONS OF WVR-1100 
Liquid Water Sensing Channel 
Frequency 31.4 GHz 
Bandwidth 0.4 GHz 
Beamwidth (3dB) 4.6 deg 
Common Characteristics 
Temporal Resolution 3 min 
 
CCN is a particle that can form into a cloud droplet. The 
CCN counter CCN-100 can measure CCNs at several 
supersaturations manufactured by Droplet Measurement 
Technology [11]. Aichi Gakuin University operated the 
CCN counter during Feb.-Apr. in 2008. The specifications of 
CCN-100 are: 1) continuous flow, 2) single supersaturation 
and 30 seconds supersaturation change, 3) supersaturation 
range 0.1 - 2.0%. 
Pyranometer is the instrument to measure the upward and 
downward solar irradiance on a planar surface to estimate 
the solar radiation flux density (W/m2). The pyranometer 
CM21 manufactured by Kipp & Zonen is operated for a 
whole year by Chiba University CEReS. The specifications 
of CM21 are: 1) spectral range 305-2800 nm (50% points) 
and 335-2200 nm (95% points), 2) sensitivity 7-17 μV/Vm2, 
3) directional error 10W/m2, 4) viewing angle 2π sr [12]. 
 
optical thickness by FALCON-I and the observed shortwave 
downward radiation by Pyranometer for the evaluation as a 
first step. We also evaluated retrieved cloud droplet effective 
radius, using cloud cendensation nuclei observed by CCN 
counter. 
  
2. Instrumentation 3. Methodology 
We used Z (radar reflectivity factor) of FALCON-I to 
retrieve cloud microphysical properties in this study. 
FALCON-I operates at 94.79 GHz with 20 MHz frequency 
modulation. The specifications of FALCON-I are shown in 
Table 1, and the outlook is shown in Figure 1. FALCON-I 
achieved long range observation upto 20 km with high range 
resolution (about less than 20m) with FMCW system. 
FALCON-I also has doppler velocity observation function 
[8]. Although bistatic antenna system causes reduction of 
receiving power, it is corrected with correction index [9]. 
Atmospheric attenuation, multi-scattering effect and 
attenuation in clouds were ignored to estimate radar 
reflectivity factor. 
Cloud observations were done at CHAAMS (Cape Hedo 
Aerosol and Atmosphere Monitoring Station) owned by 
NIES (National Institute for Environmental Studies) which 
locates on 26.87° N, 128.26° E in Cape Hedo, Kunigami, 
Okinawa, Japan [13]. Okinawa normally experiences 
temperatures above 20°C for most of the year, categorized in 
subtropics. 
Although WVR-1100 and CM21 operate for whole year, 
FALCON-I and CCN-100 joined observation at CHAAMS 
for a short term. FALCON-I operated at this station from 
February 17th until May 4th in 2008 and CCN-100 operated 
from February 18th until April 18th in 2008. Temporal 
resolution is 1 minute at FALCON-I, 3 minutes at 
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WVR-1100, 30 minutes at CCN-100, and 10 seconds at 
CM21. 
 
 
Re (cloud droplet effective radius) is retrieved from Z and 
cloud droplets number concentration (N) as below: 
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where h is height, and σx is the logarithmic spread of the 
cloud droplet size distribution and is 0.34 in this study which 
is the average spread of marine stratus clouds [14]. In case of 
stratus clouds, although CCN-100 was set on the ground, we 
can assume N as CCN number concentration which is 
constant with height [15], [16], [17]. 
Although we cannot avoid assuming that N and σx are 
constant with height, the effective radius can be also 
retrieved in terms of variable h by using vertical profiles of Z 
and Q (LWP) as shown by Eq. 2 [14]: 
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where ρ is the water density, hi is height, i represents 
measurement bin of Z, Δh is the range of 1 bin (9.155 m at 
FALCON-I). 
LWC (Liquid Water Content) qi can also be retrieved 
from Z and LWP shown by Eq. 3 [18]: 
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COT (cloud optical thickness) τ can be written in terms of 
Q and Re by Eq. 4 [19]: 
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Thus, we get cloud optical depth at each radar observation 
bin and integrated COT retrieved from Z of FACLON-I. 
 
4. Comparison of Ze from Simultaneous Observation 
CloudSat has passed over 5 times within a 5 km radius of 
CHAAMS while FALCON-I was operating. The both CPRs 
detected clouds in 4 of 5 cases, and the 4th case at 4:54, 
April 11th (UTC), showed high consistency of the profiles 
of Ze shown in Fig. 1. The green dots are the Ze of CloudSat 
from 2B-GEOPROF file of CloudSat data set with 
correction of gas attenuation, the yellow dots are the Ze of 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Comparison of Ze verical profiles of FALCON-I and 
CloudSat at 4:54Z, April 11th, 2008 at CHAAMS. 
1) Blue dots: Ze of FALCON-I 
2) Green dots: Ze of CloudSat 
FALCON-I, and the blue dots are the Ze of FALCON-I with 
gas attenuation correction of CloudSat. The cloud observed 
by the both CPRs is single layered ice cloud with thickness 
of approximate 5 km, high homogeneous in temporal and 
spatial. The starting location of the CloudSat's path of this 
profile is 624 m apart, and the ending location is 470 m apart 
from CHAAMS. The both profiles match well at the cloud 
bottom and inside of the cloud, whereas FALCON-I's 
gradient of the profile is steeper than CloudSat. This conflict 
is not understood and still under consideration. 
 
5. Retrieval of Microphysical Properties 
The temporal changes of Q, N, Z, Re and aerosol size 
distribution were discussed [20]. Fig. 2 (a) shows the 
temporal change of the vertical profiles of retrieved effective 
radius at 8:00Z on April 10th, with the black dots and 
10:00Z with the red dots by the method of Z and N shown in 
Eq. 1. The most important differences of the two profiles are 
that the size of radius increased at any height from 8:00Z to 
10:00Z. Although cloud bottom height rose up about 70 m 
and the cloud top height rose up about 100 m from 8:00Z to 
10:00Z, the geometrical thickness didn’t change much. N at
7:56Z was 276 cm-3 and 306 cm-3 at 9:56Z. On the other 
hand, Q was 0.036 g/cm2 at 7:58Z and 0.0312 g/cm2 at 
9:59Z. The increment of N was 10.9% and of Q was -8.7%. 
Increase of CCN number retrains cloud droplets to grow 
bigger if liquid water amount is constant because each 
droplets scramble for water. In this case, Q decreased from 
8:00Z to 10:00, which can encourage miniaturization of 
droplets, and this can explain the change of the profiles of 
retrieved effective radius in Fig. 2 (a). 
Fig. 2 (b) shows the change of aerosol size distribution at 
8:00Z in the black line and dots and 10:00Z in the red line 
and dots. The OPC (Optical Particle Counter) Model 237B 
of Pacific Scientific Instruments is operated by Chiba 
University CEReS at CHAAMS. The OPC has 5 channels 
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of size resolution. From the temporal change from the black 
dots to the red dots, it is clear that the number of aerosol 
increased at any size from 8:00Z to 10:00Z. This aerosol 
increase corresponds to the increase of CCN in this case, and 
it implies the Aerosol Indirect Effect. 
 
COT from cloud bottom to cloud top were estimated 
under the condition of single layered, non-precipitating and 
liquid water cloud. We compared the estimated COT with 
observed SWD by the pyranometer to evaluate the estimated 
microphysical properties by FALCON-I. We had 4 cases of 
steady clouds which matches all conditions in daytime: 
Term 1 is Feb. 24th 08:00-10:00Z, Term 2 is Feb. 25th 
08:00-11:30, Term 3 is Feb. 28th 09:00-11:00, Term 4 is Mar. 
30th 14:00-17:00. Fig. 3 shows the correlation of the 
estimated COT and the observed SWD.  
The observed intensity after a cloud path I can be written 
with the variable τ: 
 eII 0                ,(5) 
where I0 is the intensity of radiation source.  
Thus correlation between SWD and COT should show 
the relation expressed by Eq. (5), Fig. 3 shows that SWD is 
an exponential function with variable COT. Spread of the 
plots and overestimation of COT should be evaluated 
carefully. Temporal change of SWD was relatively steady, 
comparing with temporal change of COT. Estimation of 
noise floor of FALCON-I and MVR-1100 influences values 
of estimated microphysical properties, and it might cause the 
instability of COT. This matter is under study, focusing 
errors of LWP and Z of raw data. 
 
6. Conclusion and future work 
In this study, vertical profiles of Re were retrieved from Z 
observed by FALCON-I with CCN number concentration 
by CCN counter and LWP by microwave radiometer. 
Temporal change of the retrieved Re was discussed with the 
change of aerosol, which implies aerosol indirect effect. The 
increase of CCN number concentration and aerosol size 
distribution and the decrease of liquid water path were 
relevant to the temporal change of the profiles in the case. 
Estimated COT from retrieval of LWC and Re was 
evaluated by comparing correlation with observed SWD. 
Although it showed a theoretical relation of exponential, 
spread of the distribution is large, thought to be derived from 
error range of LWP and Z. 
Although the several steady cases from the CHAAMS 
observation were discussed and evaluated in this study, this 
discussion has to be evaluated statistically with enough 
amounts of data and cases. Especially, systematic errors of 
the each instrument must be considered and separated from 
the discussion of microphysical phenomenon. 
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